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ABSTRACT
Prunus necrotic ringspot virus (PNRSV), prune dwarf virus (PDV), and peach
latent mosaic viroid (PLMVd) are important pollen-borne pathogens that affect peach
orchards in the southeastern United States. My aim with this research is to identify
potential sources of virus/viroid inoculum sources in the wild and determine pathogen
movement and interactions between wild Prunus spp. and cultivars of peach (P. persica).
In Chapter I, I review the literature on pollen borne viruses and viroids in peach. In
Chapter II, I surveyed for these pathogens near peach production areas in South Carolina
and Georgia, sampling from three endemic wild Prunus species: black cherry (P.
serotina), Chickasaw plum (P. angustifolia), and Carolina cherry laurel (P. caroliniana).
The presence of PNRSV was confirmed in wild P. serotina and P. caroliniana but neither
PDV nor PLMVd were found in the collection. There was no relationship between virus
infection status and tree age. A phylogenetic analysis of the isolates obtained was
performed with other isolates from around the world and PNRSV type groups and our
samples showed clustering with a reference group isolate that was obtained from peach in
the U.S. In Chapter III, we sequenced PNRSV isolates from P. persica from the Musser
Fruit Research Center at Clemson University, South Carolina, and recorded bloom dates
from wild P. serotina; bloom data for peach was provided by Dr. Juan Carlos Melgar.
Samples from peach mostly clustered with wild Prunus in the reference group that
pertained to the peach isolate from the U.S., but some isolates grouped with another
reference isolate from cherry obtained from Germany, Europe. Bloom data presented a
gap of approximately one week between species with peaches blooming first and being
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followed by wild P. serotina. The results of these studies altogether suggest that wild
Prunus spp. have the capacity of serving as virus reservoir, but the initial source of
pollen-borne spread of the virus could be P. persica.
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CHAPTER ONE
LITERATURE REVIEW

PEACH PRODUCTION IN SOUTH CAROLINA AND GEORGIA
Stone fruits are some of the most important fruit crops on the global market.
Peaches specifically are of great importance in different areas of the world.
Approximately 21.0 million metric tons of peach and nectarine were produced worldwide
in 2019/2020 but for 2020/2021 it is predicted that production will reach 20.5 million
metric tons (FAS-USDA, 2020). The U.S. alone produced around 26,000 to 619,000 tons
of peach and nectarine combined, respectively, in the 2019/2020 period. In 2019 South
Carolina produced 75,000 tons of peach and Georgia produced 39,100 tons of peach
(USDA-NASS, 2019). This amounts to 106,100 tons between both states which
constitutes 17% of the total peach production of the U.S., making them key states in
peach production. Viral diseases play an important role because of their impact on tree
health and yield reduction. Moreover, virus infections cannot be cured, often inflicting
more harm in perennial crops compared to annual crops (Chandel et al. 2010).
ILARVIRUSES
The genus Ilarvirus is comprised of plant virus species from the family
Bromoviridae. Ilarviruses have generally been considered latent pathogens when
affecting fruit trees and, consequently, their economic importance has been
underestimated (Pallas et al. 2012). All bromoviruses have genomes comprised of single-
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stranded, positive sense RNA and are tripartite (i.e. have 3 genomic strands) (Zhang and
Qu 2015). In bromoviruses, the coat protein has dual function of protecting the virus
genome and initiating viral infection (Pallas et al. 2012). Bromovirus particles are
generally icosahedral, but bacilliform particles have been observed in plants infected by
prune dwarf virus (PDV), Prunus necrotic ringspot virus (PNRSV), Tulare apple mosaic
virus (TAMV), apple mosaic virus (ApMV), and spinach latent virus (SpLV) (Pallas et
al. 2013). Most ilarvirus virions exhibit a quasi-spherical shape that consists
approximately of 26–36 nm in diameter and have icosahedral symmetry (T=3). There are
several sub-classes of ilarvirus particles- one class encapsulating a copy of RNA1,
another class encapsulating RNA2, and the third class encapsulating RNA3 and
subgenomic RNA4. Each RNA encodes protein(s) essential for the virus replication
cycle, and therefore all three virion classes must be present to initiate infection (Bujarski
2008). RNA1 encodes the methyltransferase and the helicase, which help with virus
replication adding a 5’ cap to the RNA transcripts to protect them from degradation and
with unwinding dsRNA strands to facilitate the production of more copies. RNA2
encodes the RNA-dependent RNA polymerase, which synthesizes a RNA strand from
RNA template for replication and transcription. RNAs 3 and 4 encode “late” proteins;
RNA3 splits into ORF3a that encodes for the movement protein and ORF3b is expressed
as subgenomic RNA4 and translated into the coat protein (Figure 1.1).
The availability of genome sequences for the majority of ilarviruses in the past 20
years has allowed the reorganization of taxonomy based on molecular traits rather than
solely on biological and physico-chemical traits (Pallas et al. 2013). For PDV and
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PNRSV, each RNA is monocistronic, i.e. contains one open reading frame (ORF), with
the exception of RNA3 that breaks down into ORF3a and ORF3b (Pallas et al. 2012).
Although they have similar genome organization PNRSV and PDV belong to different
subgroups of the Ilarvirus genus (Table 1.1). The criteria that are used to determine the
demarcation of the species within the genus are serology, host range and sequence
similarity. Based on these criteria Prunus necrotic ringspot virus is in subgroup 3 with
apple mosaic virus, and prune dwarf virus in subgroup 4 by itself (Fauquet et al. 2005).
Most ilarviruses spread naturally in the field (Mink 1992). The spread of
ilarviruses occurs vertically (parent to progeny) from infected gametes to the embryo, or
via propagation of new trees from infected nursery stock trees. Horizontal (same
generation) spread can also occur through pollen transmission. Horizontal transmission of
ilarviruses is sometimes associated with flower-visiting arthropods like thrips and
pollinators. Ilarvirus inoculations by thrips appear to be mechanical in nature when
infecting peach trees, however the mechanism of pollen transmission is not well
understood. One hypothesis is that thrips feeding on pollen grains causes the cytoplasmic
contents to leak out and invade feeding wounds on the interior surfaces of the flowers
(Uyemoto et al. 2003). The role of bees in pollen transmission of ilarviruses is not well
understood, but bees have been implicated as potential facilitators of pollen transmission
(Mink 1983).
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PEACH STUNT DISEASE
Due to the pollen-borne nature of ilarviruses, viruses like apple mosaic virus
(ApMV), American plum line pattern virus (APLPV), prune dwarf virus (PDV), and
Prunus necrotic ringspot virus (PNRSV) are commonly spread across woody hosts
infecting a wide range of Prunus species and some hosts outside of the Rosaceae (Pallas
et al. 2012). The most common ilarviruses of Prunus species are PNRSV and PDV,
which can infect independently or co-infect, resulting in more severe symptoms. Dual
infection of peach trees with PDV and PNRSV results in a distinct dwarfing disease
referred to as peach stunt (Pallas et al. 2013). In P. persica cv. Garnet Beauty, trees
inoculated in the fall with both viruses were defoliated by the end of August of the
following growing season (Scott et al. 2001). Co-infected trees showed more severe
reduction in trunk circumference and a doubling in production of watersprouts when
compared with trees infected with either virus alone. Co-infection causes an average of
55% loss in fruit yield in ‘Garnet Beauty’, while at the same time increasing the number
of watersprouts by 900% (Scott et al. 2001).

PRUNE DWARF VIRUS (PDV)
Prune dwarf virus is one of the most economically important viruses of stone fruit
trees, especially peach, sweet and sour cherry, plum and almond (Nemeth 1986; Uyemoto
and Scott 1992). PDV has a worldwide distribution, especially where sweet and sour
cherry are cultivated (Parakh et al. 1995). The magnitude of pollen and seed transmission
varies depending on the fruit tree species, with sour cherry (P. cerasus) presenting low
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transmission rates. In one study, only 1 tree out of 14 became infected with the infected
tree showing symptoms within month of infection (George and Davidson 1963). The
extent of the damage caused by PDV depends on the Prunus species or cultivar affected
and on the virus strain (Caglayan et al. 2011). The natural host range of PDV includes
Prunus avium, P. cerasus, P. cerasifera, P. armeniaca, P. domestica, P. insititia, P.
mahaleb, and P. persica (Nemeth 1986).
Symptoms of PDV vary greatly, depending on climate, virus strain, host species,
and cultivar (Vašková et al. 2000). Common symptoms include necrosis, chlorosis, and
stunting. In most peach cultivars PDV induces mild stunting while leaves become dark
green and more erect than those of non-infected trees (Caglayan et al. 2011). Also, PDVinfected peach trees exhibit mild to severe stunting of internodes, rosette formation in
developing shoots, and reduction in plant growth and fruit production (Figure 1.2) (Scott
et al. 2001). The ability of PDV to easily spread through pollen and the fact that there is
no cure to treat infected hosts makes PDV difficult to manage once it infects a tree within
an orchard. At least one species of thrips (Frankliniella occidentalis) was reported to
facilitate the transmission of PDV from cherry pollen to the model host cucumber
(Greber 1992).
Many sequences corresponding to the PDV coat protein (CP) gene have been
characterized from different geographic origins (Argentina, Brazil, Canada, Germany,
Hungary, Israel, Moldova, Poland, Portugal, Russia, the United States, and Turkey) and
hosts (almond, apple, apricot, cherry, peach, plum, sour cherry, sweet cherry, and wild
cherry) (Pallas et al. 2012). Phylogenetic analysis of PDV CP gene nucleotide sequences
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isolated from stone fruit trees indicated that there are four clades related to the host
(Ulubaş Serçe et al. 2009). These clades are (i) cherry I, containing only cherry variants;
(ii) cherry II, consisting of one apricot variant and cherry variants; (iii) mixed, including
variants from cherry, peach, plum, and one almond tree; and (iv) almond, consisting only
of almond variants (Ulubaş Serçe et al. 2009). In Portugal, PDV CP sequences from
almond isolates showed higher variability that those originating from other Prunus spp.
(peach, cherry, and plum) suggesting a more intense purifying selection for the latter
hosts (Fonseca et al. 2005). In Bulgaria, phylogenetic analysis of 14 PDV CP isolates
from sweet and sour cherry showed a relatively low degree of nucleotide sequence
diversity. The phylogenetic grouping of the Bulgarian isolates into two and three
phylogroups at the nucleotide and amino acid level, respectively, concurs with reported
phylogrouping of cherry isolates from different geographical regions. There was no
relationship between the phylogenetic grouping and the expressed symptoms, or with the
geographical origin (Kamenova et al. 2019).

PRUNUS NECROTIC RINGSPOT VIRUS (PNRSV)
PNRSV was first described as “peach ringspot virus” from peach trees showing
severe ringspots (Cochran and Hutchins 1941). PNRSV occurs worldwide and is a
serious pathogen of many woody plants, causing various ringspot diseases in peach,
cherry, rose, and hops, and mosaic diseases in apple, rose and plum (Mink 1993). Similar
to PDV, PNRSV can be transmitted through pollen, seeds, and grafting. PNRSV infection
initially causes shock, then chronic symptoms in most woody hosts. In P. cerasus and P.
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avium delayed budbreak and bloom, death of leaf and flower buds, slow fruit set, and
reduced vigor are early indications of the shock syndrome induced by PNRSV (Figure
1.3) (Oliver et al. 2009). Yield loss varies depending on the host crop, and previous
reports have shown yield losses of up to 15% in sweet cherry and of up to 100% in peach
from PNRSV (Uyemoto and Scott 1992).
The initial shock symptoms consist of chlorotic spots and rings that turn necrotic
on recently developed leaves. The necrotic tissues later fall out, leaving a tattered or “shot
hole” appearance of the leaves. After the shock phase, the trees may appear relatively
normal, even though the virus continues to replicate and reach a high concentration
annually (Uyemoto 1992). PNRSV causes reduced yields, necrotic ringspot and line
patterns on leaves and, in combination with other viruses such as PDV, can result in
severe stunting or rosette symptoms. The necrosis and line pattern symptoms may be
transient or seasonally recurrent (Greber et al. 1991). Symptom variability makes in-field
identification and diagnosis difficult (Pallas et al. 2012).
PNRSV is transmitted vertically through both grafting and seed. PNRSV can
invade the immature apricot seed, including the embryo (Amari et al. 2007). PNRSV can
be present in the exocarp of the fruit but not enter the seed coat of the embryo in apricots,
but in plums it may invade both endocarp and exocarp (Petrov 2014).
Alignment and phylogenetic analyses of the CP and MP gene sequences of 23
isolates of PNRSV confirmed that South American isolates belong to the same three
phylogroups of the PNRSV isolates previously described PV32-I, PV96-II and PE5-III
from North America, Europe and the Mediterranean Sea (Fiore et al. 2008). In India,
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Chandel et al. (2013) collected 5 cultivars of peach, 4 of plum, 5 of cherry, 4 of apricot,
and 4 of almond with at least 15 trees per cultivar and detected PNRSV in every cultivar.
Phylogenetic analysis of their PNRSV isolates revealed 82-100% sequence identity
among coat protein sequences of these isolates, of which all belong to the PV32-I group.
This demonstrated a relatively low diversity among isolates in the various Prunus spp.
across the northern part of India (Chandel et al. 2013). In the U.S., studies carried out in
New York in sweet and sour cherry showed a grouping with type group PV-96 within 9
PNRSV isolates obtained (Oliver et al. 2009). Thus, within North America, different
strains of PNRSV vary by region with PE5 being from the southeastern U.S. (Hammond
and Crosslin 1995).

DETECTION AND DIAGNOSTICS
There are various detection methods for PDV and PNRSV. Enzyme-linked
immunosorbent assay (ELISA) and reverse transcription polymerase chain reaction (RTPCR) are currently the most common techniques used for plant virus diagnosis. For some
plant viruses with RNA genomes, RT-PCR is more effective than ELISA, especially in
situations where the virus is present in low titer or where good quality antisera are not
available (MacKenzie et al. 1997). However, for virus-testing on a mass scale, ELISA is
widely employed because of its rapidity, accuracy and specificity (Kapoor and Handa
2018). RT-PCR can detect the PDV within the vascular tissue of young leaves and flower
buds as well as in the mesophyll in developing floral organs and in the generative and
vegetative cells of pollen grains of almonds (Silva et al. 2003). In plum and sweet cherry,
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PDV can be detected during the whole vegetation period in young leaves or in newly
formed buds (Torrance and Dolby 1984). PNRSV has also been confirmed by RT-PCR
on stone fruits like peach (Prunus persica), nectarines (Prunus persica var. nucipersica),
plums (Prunus domestica), almond (Prunus dulcis), sweet cherry (Prunus avium) and
sour cherry (Prunus cerasus) by testing leaf tissue. (Chandel et al. 2010).
Some herbaceous hosts like Chenopodium quinoa can also be infected and used as
indicators to differentiate between PDV and PNRSV infections. PNRSV produces small
necrotic local lesions on C. quinoa followed by severe distortion of systemically infected
leaves (Davidson and Rundans 1972), while C. quinoa is resistant to PDV infection
(Kozieł et al. 2020).
Detection of PNRSV can be carried out from young leaf tissue that was removed
after bloom. This same tissue can later be used for PNRSV detection by DAS-ELISA and
RT-PCR (Oliver et al. 2009). Leaf tissue collected months after bloom can also be used
to detect PNRSV through both methods.

MANAGEMENT OF PDV AND PNRSV
Effective diagnosis is critical, because early information on the sanitary status of
peach tree health and detection of PNRSV can facilitate the management of these viruses
through proper cultural strategies (Kapoor et al. 2018). PDV and PNRSV being pollenborne viruses make the prevention of their transmission difficult. In-orchard spread
occurs during pollination when the trees are 4-6 years old and start flowering. Vertical
transmission from infected seeds, commonly used for peach rootstock production, can
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also occur (Caglayan et al. 2011). The use of resistant or tolerant cultivars and/or
rootstocks could be the most important aspect of virus disease management, especially in
areas in which virus infections are endemic (Barba et al. 2015). Thermotherapy (24 to 32
days at 38°C) and/or apical meristem culture have been used to eliminate ApMV, PDV,
and PNRSV from Prunus accessions in tissue culture. In most cases a combination of
both methods improves the efficiency of virus elimination. Conservation of propagation
material in screenhouses and isolated mother blocks far from commercial orchards can
prevent or limit contaminating pollen flow (Pallas et al. 2012).
Management practices to prevent tree to tree spread can also be implemented.
These methods include frequent scouting for disease symptoms and prompt removal of
diseased plants, avoiding the use of commercial beehives that may carry infected pollen
from other orchards, the use of budwood derived from virus-tested mother trees while
establishing new plantings at a safe distance from older infected orchards, replacements
for trees derived from virus-tested, clean certified stocks, and scouting for reinfection to
limit disease expansion (Caglayan et al. 2011; Pallas et al. 2012). Sometimes, the control
of insect vectors plays an important role in the management of systemic diseases, but this
cannot be easily implemented for ilarviruses because the insect vectors are not pests, they
are in most cases pollinators. Therefore, effective management should be targeted at
eradication of infected plants and use of certified propagation material derived from
virus-negative mother plants (Barba et al. 2015).
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WILD HOSTS OF PEACH VIRUSES
Wild Prunus can be host to a wide variety of fruit tree viruses including but not
limited to members of the Ilarvirus genus. One of the most common and most important
viruses of stone fruits globally is the plum pox potyvirus. Plum pox is a serious virus
disease of Prunus species and is the most important viral disease of stone fruit trees in
Europe and the Mediterranean region. It was first reported in the United States in 1999 on
P. persica in Pennsylvania (Levy et al. 2000; Damsteegt et al. 2007) but has not been
detected in the southeastern United States. Blackthorn (P. spinosa) can be a primary
source and natural reservoir for PPV in Europe (James and Thompson 2006).
Apple chlorotic leaf spot virus (ACLSV), which belongs to the genus Trichovirus,
also affects wild hosts. ACLSV is distributed worldwide in fruit trees including apple,
peach, pear, plum, cherry and apricot (Martelli et al. 1994; Rana et al. 2008). Some
common wild hosts for this virus are Himalayan wild cherry (Prunus cerasoides) and
sweet cherry (P. avium) (Rana et al. 2008). Tomato ringspot virus (ToRSV) is another
virus from the family Comoviridae that is known to affect stone fruits. ToRSV causes
economically significant losses in many woody deciduous fruit crops, including peach,
almond, cherry, plum, apple and grape crops (Al-Nsour et al. 2010). It is very common in
those commercial species, but it can also be found in sour cherry (P. cerasus) (Bitterlin et
al. 1987).
Wild hosts that have been confirmed for PNRSV are wild P. avium, P. serotina,
P. virginiana and P. cerasoides, and other rosaceous hosts are apple (Malus domestica),
rose (Rosa spp.) and hops (Humulus spp.) (Davidson and Rundans, 1972; Chandel et al.
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2007a; Chandel et al. 2007b; Moury et al. 2001, Scott et al. 1998). Some strains of
PNRSV may find a natural reservoir in Prunus spinosa (Blackthorn) (Rankovic and
Dulic-Markovic 1992). For PDV some of the wild hosts confirmed have been P. avium,
P. serotina and P. spinosa (Davidson and Rundans, 1972; Borisova, 2012).
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Table 1.1. Four Ilarvirus subgroups based on assessment of virus characters. Table
adjusted from Pallas et al. 2013.
Subgroup 1
Blackberry chlorotic ringspot
Parietaria mottle virus
Strawberry necrotic shock virus
Tobaco streak virus
Potential members
Bacopa chlorosis virus
Tomato necrotic ringspot virus

Subgroup 2
Aparagus virus 2
Citrus leaf rugose virus
Citrus variegation virus
Elm mottle virus
Lilac ring mottle virus
Spinach latent virus
Tulare apple mosaic virus

Subgroup 3
Apple mosaic virus
Blueberry shock virus
Lilac leaf chlorosis virus
Prunus necrotic ringspot virus

Subgroup 4
Fragaria chiloensis latent virus
Prune dwarf virus
Potential members
Viola white distortion virus

13

Figure 1.1. Ilarvirus genome illustration obtained from Pallas et al. 2013. The genome is
composed of 3 major RNA strands and a subgenomic RNA 4 expressed from RNA 3.
Proteins expressed are P1 (Protein 1), P2 (Protein 2), MP (Movement protein), and CP
(Coat Protein). Each domain is represented as methyltransferase (MET), helicase (HEL),
RNA- dependent RNA polymerase (POL) RNA-binding domain (RBD), hydrophobic
region (HR), and dimerization region (DR).
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Figure 1.2 Appearance of shortened internode due to the viral infection of prune dwarf
virus observed on a peach tree. (Photo credit: E. Cieniewicz)
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Figure 1.3 Symptoms of stunting due to Prunus necrotic ringspot virus in a peach tree
represented by a smaller sized tree (tree on the left) compared to a regular sized healthy
tree of the same age (tree on the right). (Photo credit: E. Cieniewicz)
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CHAPTER TWO
A SURVEY OF POLLEN-BORNE VIRUSES IN WILD PRUNUS SPP. IN SOUTH
CAROLINA AND GEORGIA
ABSTRACT
Pollen-borne viruses and viroids are economically important pathogens in
southeastern U.S. peach production. To identify potential sources of inoculum, we
conducted a survey for two pollen-borne ilarviruses, Prunus necrotic ringspot virus
(PNRSV) and prune dwarf virus (PDV), and a pollen-borne viroid, peach latent mosaic
viroid (PLMVd) in wild Prunus spp. in South Carolina and Georgia. PNRSV was
detected in 12% (14/117) of wild Prunus spp., mostly in wild black cherry (Prunus
serotina), with one PNRSV isolate detected in Carolina cherry laurel (P. caroliniana).
PDV and PLMVd were not detected in wild Prunus spp. in this survey. No significant
relationship was observed between virus/viroid infection and tree age in P. serotina.
Sequence analysis of the gene encoding the PNRSV coat protein from isolates recovered
from wild Prunus spp. revealed clustering of South Carolina and Georgia isolates with
reference isolate ‘PE5’, an isolate obtained from peach (P. persica) in the U.S. Together,
these results suggest that wild Prunus spp. have the potential to serve as inoculum
sources for pollen-borne viruses near orchards. However, the extent and means of actual
virus ingress into orchards from wild Prunus spp. requires further investigation.

Chapter II has been submitted for publication to Phytofrontiers and is currently under
review.
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Rodriguez Bonilla, F., and Cieniewicz, E. 2022. Distribution of pollen-borne viruses in
wild Prunus spp. in South Carolina and Georgia. Phytofrontiers (Under Review).

INTRODUCTION
Virus species in the genus Ilarvirus form part of the Bromoviridae family.
Ilarviruses cause important diseases of fruit crops, vegetables, and ornamentals. The most
important ilarviruses in stone fruits are Prunus necrotic ringspot virus (PNRSV) and
prune dwarf virus (PDV) (Pallas et al. 2012). Ilarviruses have tripartite genomes
comprised of positive sense, single-stranded RNA (Zhang and Qu 2015). RNA1 encodes
the methyltransferase and helicase. RNA2 encodes the RNA-dependent RNA polymerase
(RdRp). RNA3 encodes the movement protein (MP) and produces subgenomic RNA4
which is translated to the coat protein (Pallas et al. 2012).
PNRSV causes shock symptoms that may be expressed as stunting, chlorotic
spots and rings that turn necrotic on recently developed leaves, sometimes later falling
out and creating a “shot hole” appearance, but PNRSV-infected trees may appear to
recover with a normal appearance (Uyemoto, 1992). Other symptoms of PNRSV
commonly observed in stone fruits are delayed budbreak and bloom, death of leaf and
flower buds, delayed fruit set, reduced vigor, line patterns on leaves, and stunting (Greber
et al. 1991; Oliver et al. 2009; Pallas et al. 2012).
PDV causes considerably more damage to stone fruits compared to PNRSV,
making it one of the most economically important viruses in these crops (Nemeth 1986;
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Uyemoto and Scott 1992). PDV symptoms vary depending on the virus isolate, climate,
host species and cultivar (Vašková et al. 2000). Though variable, common symptoms
include necrosis, chlorosis and stunting of the tree. Particularly in peach, PDV can cause
shortening of the internodes, reduction in both plant and fruit growth, darker green
foliage, and rosette formation in developing shoots (Caglayan et al. 2011; Scott et al.
2001).
PNRSV and PDV are the most common viruses of peach (Prunus persica) in the
southeastern U.S. Though they can cause disease independently, co-infection with PDV
and PNRSV can result in peach stunt disease (Pallas et al. 2013). Peach stunt disease is
characterized by more severe symptoms than are observed with single virus infections,
resulting in premature defoliation, a reduction in trunk circumference and increased
production of watersprouts; though the effects are cultivar-dependent (Scott et al. 2001).
In addition to transmission through grafting and budding, PDV and PNRSV are
transmitted both horizontally (i.e. tree to tree) and vertically (i.e. parent to progeny)
through infected pollen. Both viruses are common across Prunus species (Pallas et at.
2012). PDV and PNRSV can spread in orchards when trees are approximately 4-6 years
old and begin flowering (Caglayan et al. 2011). The role of insects in facilitating pollen
transmission is not well understood, but the thrips species Frankliniella occidentalis has
been implicated as a transmission facilitator in greenhouse experiments (Greber 1992).
Transmission may occur by wounding on the interior surface of flowers that allows the
cytoplasmic contents of pollen grains to invade the plant during thrips feeding (Uyemoto
et al. 2003).
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Both viruses have been found in wild Prunus spp. (Pallas et al. 2012). PNRSV
was detected in wild P. avium, P. serotina, and P. virginiana and PDV in P. avium and P.
serotina in the Niagara peninsula (Davidson and Rundans, 1972). Himalayan wild cherry
(Prunus cerasoides) is a natural host for PNRSV in India (Chandel et al. 2007a).
Blackthorn (Prunus spinosa) also has been proven a host of PDV (Borisova, 2012). Other
hosts outside of Prunus spp. but within the Rosaceae can be infected by PNRSV, for
example apple (Malus domestica) (Chandel et al. 2007b) and rose (Rosa spp.) (Moury et
al. 2001). In rose, PNRSV in co-infection with apple mosaic virus causes rose mosaic
disease (Chandel et al. 2007b; Moury et al. 2001). The wide host range of PNRSV and
PDV within the Rosaceae, and the importance of these viruses as stone fruit pathogens,
warrants more investigation into the contribution of alternative hosts as virus inoculum
sources near orchards.
Peach latent mosaic viroid (PLMVd) is a viroid belonging to the genus
Pelamoviroid of the family Avsunviroidae (Bussière et al. 2000; Desvignes 1985). It is
typically latent in peach trees for 5-7 years before symptoms begin to appear (Fiore et al.
2003; Lee et al. 2001). Transmission can occur through grafting and budding, but
PLMVd can also be pollen-transmitted, localizing both inside and outside of pollen
grains (Desvignes 1985; Barba et al. 2007). Vertical transmission of PLMVd through
seed has not been observed (Flores et al. 2006). Common symptoms of PLMVd infection
observed in the field are bud necrosis, rapid aging of peach trees, fruit deformation and
delays in foliation, flowering, and fruit ripening (Pelchat 2000). PLMVd has one
confirmed non-crop host, wild pear (Pyrus amigdaliformis) (Kaponi et al. 2012).
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PDV and PNRSV are endemic in the southeastern U.S., where peaches are one of
the predominant fruit crops (Scott et al. 1989; Scott et al. 1991). The distribution of
PLMVd in southeastern peach production is not known, but PLMVd has been detected in
South Carolina (E. Cieniewicz, unpublished; Reighard and Ouellette 2015).
Understanding the risk posed by virus-infected wild Prunus spp. near peach orchards in
the Southeast U.S. may allow us to refine management recommendations, specifically
related to orchard edge management. In this study, we surveyed wild Prunus spp. in
South Carolina and Georgia for pollen-borne viruses/viroids of peach- PDV, PNRSV,
and PLMVd, and characterized the genomic diversity of these virus/viroid populations.

MATERIALS AND METHODS
Sample collection and processing. Samples from P. serotina, P. angustifolia and
P. caroliniana were collected from tree lines surrounding peach orchards and roadsides
in Georgia and South Carolina. Each tree species was identified using a dichotomous key
for trees of the Southeast (Duncan and Duncan 2000). The GPS location of each tree was
recorded (Table 2.1). Maps of the sampling locations were created using ArcGIS Pro
version 2.9.1 and external data for peach hectare production per county for each state
obtained from USDA-NASS 2017 census was included in the map (Figure 2.1). Each
tree was also flagged with tape. Each sample contained two-year old wood, one year old
wood, green shoots, and leaves. The tissue was bagged, labeled, and transported back to
the laboratory where it was stored temporarily at 4°C until further processing. A 5%
bleach solution was used to surface sterilize the material. Tissue was processed into small
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(1 mm2) pieces and approximately 100 mg was placed into a 2-mL microcentrifuge tube
with a sterile BB for total nucleic acid extraction. Excess wood tissue was cut into
approximately 1-inch pieces and stored with remaining leaves at -80°C. Tree cores were
taken for some trees (depending on accessibility of the trunk) and transported to the
laboratory to count rings for an estimate of tree age.

Total nucleic acid extraction and RT-PCR. Total nucleic acids were extracted
from each sample using a modified CTAB extraction procedure. Briefly, tissue was flashfrozen in liquid nitrogen and ground into fine powder using a sterile BB and a mixer mill.
900uL of preheated (65°C) CTAB buffer (100mM Tris-HCL (pH 8), 20mM EDTA,
1.4MNaCl, 2% (wt/vol) CTAB, 2% (wt/vol) PVP) with 18uL of 2-mercaptoethanol
(BME) was added, and tubes were incubated at 65°C for 20 minutes. Then 600uL of
chloroform: isoamyl alcohol (24:1) was added, incubated for 7 minutes at room
temperature, and centrifuged at 18,630 xG for 7 minutes. The supernatant was transferred
into a new tube, combined with 500uL of chloroform, and centrifuged as before. After
removing the supernatant, 1/10 volume of 3M sodium acetate (pH 5.2) and 2/3 volume of
cold isopropanol were added. The tubes were then centrifuged at 19,283 xG at 4°C for 15
minutes, the supernatant was discarded, and the pellet was washed with 500uL of 70%
ethanol. Ethanol was then removed, and the pellet was dried for at least 30 minutes. The
pellet was rehydrated with 100uL of nuclease-free water. RNA quality and quantity was
recorded using the Nanodrop (Thermo Fisher Scientific Inc.) and the sample was stored
at -80°C.
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RT-PCRs were performed using the qScript® XLT One-Step RT-PCR kit
(Quantabio) with the following cycling conditions: reverse transcription at 48°C for 20
minutes, RT deactivation/ Taq polymerase activation at 94°C for 3 minutes, denaturation
at 94°C for 20 seconds, annealing at 55°C for 30 seconds, extension at 70°C for 1 minute,
and a hold step at 10°C. All RT-PCR primers used in this study are listed in Table 2.2.
RT-PCRs for PNRSV and PDV detection were performed in multiplex reactions with a
Rosaceae F-box gene as an internal reference. RT-PCR products were resolved on a 1.5%
agarose gel, stained with GelRED (Biotium, Inc.) and imaged. PLMVd detection was
performed with RT-qPCR using the qScript XLT 1-Step RT-qPCR ToughMix kit
(Quantabio). The following cycling conditions were used: reverse transcription at 55°C
for 10 minutes, denaturation at 95°C for 5 minutes, denaturation at 95°C for 10 seconds,
annealing at 58°C for 45 seconds with a total of 40 cycles.

Sanger Sequencing and Phylogenetic Analysis. For isolates of PNRSV, ORF
3b, which is expressed as a subgenomic RNA to encode the coat protein (CP), was
sequenced. RT-PCRs amplifying a 1,011 bp fragment containing the complete ORF3b
were carried out using both forward primer and reverse primer from Vašková et al.
(2001) and these primers were also used for sequencing reactions. RT-PCR products
were sequenced directly bidirectionally by Eurofins Genomics LLC.
Sequences were assembled in SeqMan Pro (DNASTAR Inc.), manually edited,
and consensus sequences were saved as .fas files. Sequences were then aligned in Mega
X (version 10.2.4) using MUSCLE (Edgar 2004). A maximum likelihood phylogeny was
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constructed, and branching confidence was assessed using 1,000 bootstrap replicates.
Branches with less than 70% bootstrap support were collapsed. Alignments were assessed
for recombination among isolates in RDP5 (Martin et al. 2020).

Statistical tests. Statistical analyses were conducted using JMP Pro 16 version
16.0.0. A ChiSquare analysis was performed to evaluate the possible relationship
between tree infection status and tree age for P. serotina only. A regression analysis was
performed to determine if the frequency of virus-positive samples had a relationship to
the tree age.

RESULTS
PNRSV detection in wild Prunus spp.
Three species of wild Prunus were surveyed for PNRSV, PDV and PLMVd, wild
black cherry (P. serotina), Chickasaw plum (P. angustifolia) and Carolina cherry laurel
(P. caroliniana) adding up to a total of 117 samples collected (Table 2.3). The total
collection consisted of 92 wild black cherry (P. serotina),13 Chickasaw plum (P.
angustifolia) and 12 Carolina cherry laurel (P. caroliniana). PNRSV was detected in the
survey in 14 of the 117 wild Prunus samples (12% infection rate). Of the PNRSV
isolates, 13 were from P. serotina and one isolate was from P. caroliniana. PNRSV was
not detected in any of the P. angustifolia in this survey. PDV and PLMVd were both
tested for as well, but neither was detected in this survey.
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PNRSV Genomic Diversity in Wild Prunus spp.
The ORF3b nucleic acid sequences alignment was tested in RDP5 (Martin et al.
2020) but no evidence of recombination was detected. The 14 sequences obtained in this
study were included in a phylogenetic analysis with other PNRSV CP gene sequences
from around the world obtained from NCBI Genbank (Table 2.4). PNRSV group type
indicators for previously characterized isolates ‘PV96’ (Genbank Accession Number
S78312.1), ‘PV32’ (Genbank Accession Number Y07568.1) and ‘PE5’ (Genbank
Accession Number L38823.1) and an outgroup sequence for blueberry shock virus
(Genbank Accession Number KF031039.1), a virus from the same Ilarvirus subgroup as
PNRSV, were added to the phylogenetic study. 59 PNRSV isolates from around the
world were added to determine the global context of the PNRSV sequences in this study
(Figure 2.2).

Tree Age and Virus Infection Status
Statistical tests for tree age vs. tree infection status showed no statistical
significance with a ChiSquare value of 0.1279 (= 0.05) (Figure 2.3a). The distribution
analyses of positive samples vs. tree age showed that virus-positive trees displayed the
largest cluster in trees ranging from approximately 12-22 years old and one sample over
30 years old. However, the regression analysis between both variables showed no
statistical significance (p = 0.4284) (Figure 2.3b).
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DISCUSSION
Viruses of fruit crops are most commonly spread through dissemination of
infected propagation material (Barba et al. 2015). However, once initial inoculum is
established in orchards, viruses and viroids may be spread secondarily by vectors,
mechanically, and/or pollen (Kapoor et al. 2018). The contribution of wild Prunus spp. as
inoculum reservoirs in the epidemiology of pollen-borne viruses is not well understood.
The fact that the host range of these viruses includes other Prunus spp. and some other
Rosaceae, and that transmission can be achieved through pollen makes these hosts
important to consider as potential inoculum sources in peach production. We surveyed
three common species of wild Prunus that are found within tree lines bordering peach
orchards in the Southeast and screened them for PNRSV and PDV, two of the most
common viruses affecting peach production worldwide, and PLMVd, a pollen-borne
viroid.
The major peach production areas of South Carolina and Georgia were
represented in this study, as shown by shading of individual counties based on reported
peach production (Figures 2.1a and 2.1b). In South Carolina, PNRSV was found in wild
Prunus spp. in every major region where peaches are grown or have been grown in recent
decades, including the “Ridge” encompassing the counties of Saluda, Edgefield, and
Aiken. In the agricultural production statistics, most of the production is reported from
Saluda County, SC (USDA-NASS, 2017; Figure 2.1a), since this is the headquarter
location of one of the major peach farms on the Ridge. However, much of the peach
production acreage for this farm is located in Edgefield County, SC. PNRSV was also
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found near farms in wild Prunus spp. in the Piedmont region (i.e. counties of Spartanburg
and Oconee). Another PNRSV isolate was found in Chesterfield County, SC, another
major commercial peach production area, but no data was reported for that county in the
2017 census from USDA-NASS, therefore it is not represented in the map. Interesting, a
single isolate of PNRSV was found in Carolina cherry laurel at the Clemson University
Sandhill Research and Education Center in Richland County, SC, where peach
production was prevalent in the 1980s and 1990s but has since declined. At Clemson
University’s Musser Fruit Research Center, viruses are managed aggressively in the
peach orchards through rogueing of any virus-positive trees, but PNRSV and PDV are
still routinely found on the farm each year (E. Cieniewicz, unpublished). In Georgia,
PNRSV was detected in wild Prunus spp. only in Peach County in central Georgia, where
peach production is predominant. Wild Prunus spp. collected near vineyards in Lumpkin
County in northern Georgia were all negative for PNRSV. Taken together, these results
suggest that PNRSV may be more prevalent in wild Prunus spp. close to peach
production. This may indicate potential movement of PNRSV between peach orchards
and wild Prunus spp., but more research is needed to test this hypothesis.
In South Carolina and Georgia, PNRSV was found in 12% of wild Prunus spp.
sampled near peach orchards. PDV and PLMVd, however, were both absent from the
wild Prunus samples included in this survey. In annual surveys of peach orchards in
South Carolina and Georgia conducted as part of the Southeastern Budwood Program (E.
Cieniewicz, unpublished), PNRSV is consistently the most common virus, whereas PDV
is detected each year, but is relatively rare (less than 2% of trees tested). PLMVd is not
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included in the Southeastern Budwood Program surveys and, therefore, information on its
prevalence in peach orchards in South Carolina and Georgia is unavailable. PLMVd is
most common in peach and nectarine but has also been found in other Prunus spp. and
even wild and cultivated Pyrus spp. (Hadidi et al. 1997; Kyriakopoulou et al. 2001).
PLMVd is present in peach cultivars in South Carolina (E. Cieniewicz, unpublished
results; Reighard and Ouellette 2015). PLMVd may have a more limited host range
compared to PNRSV and PDV, but due to its presence in southeastern peach orchards
and its pollen-borne nature, we included it in this study to determine if it is present in
wild Prunus spp. near peach orchards.
Both PDV and PNRSV are prevalent around the globe (Pallas et al. 2012; Fiore et
al. 2008). PNRSV CP sequences from our study were therefore compared to other
PNRSV CP sequences from different countries. Sequences representing PNRSV
subgroups were also included in the phylogenetic study as indicators to give a better
understanding of where the isolate obtained in the study fit not only in the global context
but also within these groups. The majority of sequences available on NCBI Genbank
grouped with clades represented by isolates ‘PV32’ (Sanchez-Navarro and Pallas 1997)
and ‘PV96’ (Guo et al. 1995). On the other hand, all PNRSV CP sequences from this
study grouped with the clade represented by PNRSV isolate ‘PE5’ (Hammond and
Crosslin 1995), a sequence obtained from peach (P. persica) in 1994 in Clemson, South
Carolina, the same region from where samples in this study were collected. This suggests
that the PNRSV population obtained from wild Prunus spp. in this study may share
genetic lineages with other PNRSV isolates from the southeastern United States, since
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other isolates from the US included in the phylogenetic tree grouped with PNRSV
subgroups represented by isolate “PV-96” (Figure 2.2).
Pollen transmission of these viruses allows for spread to and within established
orchards. Transmission of viruses by pollen is mostly restricted to sexually compatible
species, but even within species transmission can be hindered when its cultivars have
different flowering times (EFSA PLH Panel, 2013). A related study on PNRSV isolates
from cherry orchards in New York suggested that neighboring wild cherry trees
(unidentified species) could also serve as a possible inoculum source for cultivated P.
cerasus (sour cherry) and P. avium (sweet cherry) (Oliver et al. 2009). In the Niagara
Peninsula it was found that wild sweet cherry (P. avium), chokecherry (P. virginiana) and
black cherry (P. serotina) were carrying PNRSV (Davidson and Rundans, 1972). Infected
P. serotina were often close to P. avium, suggesting that infection in P. serotina was
occurring through interspecific transmission from nearby wild P. avium or cultivated P.
cerasus pollen (Davidson and Rundans 1972). We focused mostly on wild black cherry
(P. serotina) adjoining commercial peach (P. persica) orchards, as P. serotina was the
most common wild Prunus spp. Although virus transmission between Prunus spp.
through pollen is possible, we are still lacking direct evidence that PNRSV can be
transmitted from cherry to peach (or vice versa) through pollen. The actual contribution
of wild Prunus spp. as a PNRSV inoculum source requires further investigation.
The transmission of pollen-borne viruses has been studied in other fruit crops.
Blueberry shock virus is also known to be transmitted through pollen and honeybees
were implicated in carrying and facilitating the spread of this ilarvirus (Bristow and
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Martin 1999). In the case of asparagus virus 2 (AV-2), spread apparently occurs between
asparagus plants without the need of insects, especially in plants that are downwind of
AV-2 infected plants (Jasper et al. 2015). Tobacco streak virus spread does not occur
successfully with just infected pollen, but with the presence of Thrips tabaci it can spread
with a higher success rate to several hosts (Sdoodee and Teakle 1987; Sdoodee and
Teakle 1988). For PNRSV, pollen-borne spread still is not well understood.
Understanding the primary transmission method and potential role of insects in an
orchard setting can help us better understand how virus inoculum sources like wild
Prunus spp. can influence virus movement into commercial peach production.
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Table 2.1. Wild Prunus collection data.
South
Carolina
Sample
number
1

Coordinates
Latitude

Longitude

34.60876202

2

Tree Age

Result
PNRSV

Species

-82.87840297

Date
Collected
2019

Prunus serotina

Core
Sample
17

34.60901599

-82.877817

2019

Prunus serotina

3

34.60915597

-82.87759596

2019

4

34.60923803

-82.877502

5

34.609521

6

PDV

+

-

8

-

-

Prunus serotina

18

-

-

2019

Prunus serotina

16

-

-

-82.87513403

2019

Prunus serotina

20

-

-

34.60965604

-82.87473598

2019

Prunus serotina

7

-

-

7

34.60955604

-82.87440204

2019

Prunus serotina

25

-

-

8

34.60958202

-82.87417204

2019

Prunus serotina

16

+

-

9

34.60952796

-82.87402896

2019

Prunus serotina

31

-

-

10

34.60966098

-82.87339202

2019

Prunus serotina

21

-

-

11

34.60935504

-82.87307904

2019

Prunus serotina

29

-

-

12

34.60879798

-82.874035

2019

Prunus serotina

26

-

-

13

34.60803397

-82.87474

2019

Prunus serotina

14

-

-

14

34.60729896

-82.87471703

2019

Prunus serotina

31

+

-

15

34.60679999

-82.874754

2019

Prunus serotina

12

-

-

16

34.605516

-82.874989

2019

Prunus serotina

14

-

-

20

34.60436798

-82.87995497

2019

Prunus serotina

18

+

-

21

34.60266897

-82.88098804

2019

Prunus serotina

20

-

-

1

34.518918

-80.241044

2020

Prunus serotina

N/A

-

-

2

34.517435

-80.241171

2020

Prunus serotina

N/A

-

-

3

34.517033

-80.239826

2020

Prunus serotina

N/A

+

-

4 CP

34.516355

-80.239826

2020

Prunus angustifolia

N/A

-

-
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5 CP

34.516322

-80.239885

2020

Prunus angustifolia

N/A

-

-

6 CP

34.516161

-80.240066

2020

Prunus angustifolia

N/A

-

-

7

34.515243

-80.24244

2020

Prunus serotina

N/A

-

-

8 CP

34.513191

-80.245217

2020

Prunus angustifolia

N/A

-

-

9

34.510475

-80.245336

2020

Prunus serotina

N/A

-

-

10

34.508955

-80.244005

2020

Prunus serotina

N/A

-

-

11

34.505651

-80.252072

2020

Prunus serotina

N/A

-

-

12 CL

34.505613

-80.252694

2020

Prunus caroliniana

N/A

-

-

13 CL

34.505562

-80.252837

2020

Prunus caroliniana

N/A

-

-

14 CL

34.505678

-80.253954

2020

Prunus caroliniana

N/A

-

-

15 CL

34.505876

-80.253831

2020

Prunus caroliniana

N/A

-

-

16 CL

34.487302

-80.243572

2020

Prunus caroliniana

N/A

-

-

17 CP

34.487277

-80.243758

2020

Prunus angustifolia

N/A

-

-

18

34.487301

-80.243589

2020

Prunus serotina

N/A

-

-

19 CP

34.487344

-80.243096

2020

Prunus angustifolia

N/A

-

-

20 CP

34.487232

-80.242817

2020

Prunus angustifolia

N/A

-

-

21 CP

34.43473502

-80.29721299

2020

Prunus angustifolia

N/A

-

-

22CL

34.13067101

-80.87335803

2020

Prunus caroliniana

N/A

-

-

23

34.13071099

-80.87331201

2020

Prunus serotina

N/A

-

-

24

34.13031796

-80.87195699

2020

Prunus serotina

N/A

-

-

25CP

34.12838199

-80.86856299

2020

Prunus angustifolia

N/A

-

-

28CL

34.13842603

-80.87048697

2020

Prunus caroliniana

N/A

+

-

30CL

34.13867497

-80.87075301

2020

Prunus caroliniana

N/A

-

-

32CP

34.13324903

-80.86672098

2020

Prunus angustifolia

N/A

-

-

33CP

34.13329303

-80.86654999

2020

Prunus angustifolia

N/A

-

-

34CL

34.13338196

-80.86657497

2020

Prunus caroliniana

N/A

-

-

35CL

34.13362202

-80.86638898

2020

Prunus caroliniana

N/A

-

-
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36CP

34.13373099

-80.86644002

2020

Prunus angustifolia

N/A

-

-

37CL

34.13386099

-80.86672199

2020

Prunus caroliniana

N/A

-

-

38CP

34.13346503

-80.86684604

2020

Prunus angustifolia

N/A

-

-

40

34.59971803

-82.88210199

2020

Prunus serotina

15

-

-

41

34.60000101

-82.88230903

2020

Prunus serotina

16

-

-

42

34.60042203

-82.88219403

2020

Prunus serotina

20

-

-

43

34.60122996

-82.88221599

2020

Prunus serotina

17

-

-

44

34.60150497

-82.88382598

2020

Prunus serotina

23

-

-

45

34.60176598

-82.88478102

2020

Prunus serotina

22

-

-

46

34.602359

-82.88444297

2020

Prunus serotina

19

-

-

47

34.60252698

-82.88404802

2020

Prunus serotina

23

-

-

48

34.60242497

-82.88300598

2020

Prunus serotina

19

-

-

49

34.60239496

-82.882075

2020

Prunus serotina

22

+

-

50

34.60232103

-82.88122499

2020

Prunus serotina

17

+

-

WCT1

33.84394999

-81.699596

2020

Prunus serotina

11

-

-

WCT2

33.845894

-81.69995198

2020

Prunus serotina

19

-

-

WCT3

33.850553

-81.698259

2020

Prunus serotina

14

-

-

WCT4

33.72269796

-81.83885604

2020

Prunus serotina

17

-

-

CLT5

33.72235104

-81.83920599

2020

Prunus caroliniana

N/A

-

-

WCT6

33.72198097

-81.83949701

2020

Prunus serotina

29

-

-

WCT7

33.7298

-81.852

2020

Prunus serotina

9

-

-

WCT8

33.7295

-81.8517

2020

Prunus serotina

12

-

-

AWC1

35.12815202

-82.11011899

2020

Prunus serotina

N/A

+

-

AWC2

35.12829602

-82.10927803

2020

Prunus serotina

N/A

-

-

AWC3

35.13778802

-81.93559804

2020

Prunus serotina

N/A

+

-

WCT1

33.730154

-81.85249298

2021

Prunus serotina

15

-

-
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WCT2

33.73067703

-81.85299397

2021

Prunus serotina

17

-

-

WCT3

33.72649999

-81.85097502

2021

Prunus serotina

25

-

-

WCT4

33.72643604

-81.85096504

2021

Prunus serotina

15

-

-

WCT5

33.72616103

-81.85092196

2021

Prunus serotina

7

-

-

WCT6

33.72572701

-81.85092699

2021

Prunus serotina

4

-

-

WCT7

33.72491296

-81.84814101

2021

Prunus serotina

10

-

-

WCT8

33.72462597

-81.84587304

2021

Prunus serotina

14

-

-

WCT9

33.77340303

-81.77662401

2021

Prunus serotina

21

+

-

WCT10

33.77272602

-81.776262

2021

Prunus serotina

14

-

-

WCT11

33.77239401

-81.77602697

2021

Prunus serotina

5

-

-

WCT12

33.77165004

-81.77557401

2021

Prunus serotina

8

-

-

WCT13

33.77235504

-81.77483498

2021

Prunus serotina

13

-

-

WCT14

33.77259602

-81.77487899

2021

Prunus serotina

15

-

-

WCT15

33.77304696

-81.77465703

2021

Prunus serotina

16

+

-

WCT16

33.77326196

-81.77461202

2021

Prunus serotina

27

-

-

WCT17

33.77395104

-81.77482601

2021

Prunus serotina

18

-

-

WCT18

33.822913

-81.68349696

2021

Prunus serotina

7

-

-

WCT19

33.82333796

-81.68226197

2021

Prunus serotina

7

-

-

WCT20

33.82336898

-81.68206198

2021

Prunus serotina

13

-

-

WCT21

33.82428403

-81.68086303

2021

Prunus serotina

11

-

-

WCT22

33.82474503

-81.68085599

2021

Prunus serotina

19

-

-

WCWAN1

35.15404

-81.971

2021

Prunus serotina

N/A

-

-

WCWAN2

35.15404

-81.971

2021

Prunus serotina

N/A

-

-

WCWAN3

35.15404

-81.971

2021

Prunus serotina

N/A

-

-

Georgia

Coordinates

Tree Age
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Results

Sample
number
WC1FT

Latitude

Longitude

Species

-83.868279

Date
Collected
2020

Prunus serotina

Core
Sample
N/A

PNRSV

PDV

34.61249

-

-

WC2FT

34.61236

-83.870774

2020

Prunus serotina

N/A

-

-

WC3FT

34.612465

-83.871912

2020

Prunus serotina

N/A

-

-

WC4FT

34.612574

-83.873686

2020

Prunus serotina

N/A

-

-

WC5WM

34.593955

-83.977329

2020

Prunus serotina

N/A

-

-

WC6WM

34.594064

-83.97735

2020

Prunus serotina

N/A

-

-

WC1

32.66475

-83.727917

2021

Prunus serotina

17

+

-

WC2

32.664607

-83.727927

2021

Prunus serotina

14

+

-

WC3

32.661037

-83.725727

2021

Prunus serotina

4

-

-

WC4

32.659702

-83.72585

2021

Prunus serotina

4

-

-

WC5

31.002657

-83.491937

2021

Prunus serotina

5

-

-

WC6

31.002917

-83.491917

2021

Prunus serotina

6

-

-

WCDC1

33.880459

-83.492106

2021

Prunus serotina

N/A

-

-

WCDC2

33.880459

-83.492106

2021

Prunus serotina

N/A

-

-

WCDC3

33.880459

-83.492106

2021

Prunus serotina

N/A

-

-

WCDC4

33.880459

-83.492106

2021

Prunus serotina

N/A

-

-

WCDC5

33.880459

-83.492106

2021

Prunus serotina

N/A

-

-

WCDC6

33.880459

-83.492106

2021

Prunus serotina

N/A

-

-

WCDC7

33.880459

-83.492106

2021

Prunus serotina

N/A

-

-

42

Table 2.2. RT-PCR primers and probes used in this study.
Primer
Sense/
Amplicon
Primer sequence (5’-3’)
Reference
name
Antisense
Size (bp)
PNRSV2
s
ATATTGGCAGGTACAGAAGG
Vašková
F
1011
et al.
PNRSV2
as
TTCGGAGAAATTCGAGTGTGC
2001
R
PDVF
s
TAGTGCAGGTTAACCAAAAGGAT
Parakh et
172
PDVR
as
ATGGATGGGATGGATAAAATAGT
al. 1995
C13Pp
s
TCCCTTGATCCATTCTTTGCTTCTTCTCC
FBOX-F
Chen et
101
C13Pp
as
al. 2019
CCAAATCCACGCATCCCTCAAACTCAC
FBOX-R
PLMVds
CTCGCAATGAGGTAAGGTG
F
Luigi and
PLMVdas
ACGTCGTAATCCAGTTTCTAC
99
Faggioli
R
2011
PLMVds
5HEX-CTTCTGGAACCAAGCGG-3BHQ_1
Probe
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Table 2.3. Summary of wild Prunus survey for Prunus necrotic ringspot virus (PNRSV),
prune dwarf virus (PDV), and peach latent mosaic viroid (PLMVd).
Collection Area
South Carolina

Species collected
Prunus serotina
Prunus angustifolia
Prunus caroliniana

Georgia

Prunus serotina

Virus positive/total samples
PNRSV
PDV
PLMVd
11/73
0/73
0/73
0/13
0/13
0/13
1/12
0/12
0/12

Total
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2/19

0/19

0/19

14/117

0/117

0/117

Table 2.4. Prunus necrotic ringspot virus sequences used in this study.
Origin
Georgia
South Carolina

Bulgaria
Brazil

Sample ID
WCGA1
WCGA2
WCA1
WCA3
003WCMC
28CLSH
WCT9
WCT15
MUSSERWC1
MUSSERWC8
MUSSERWC14
MUSSERWC20
MUSSERWC49
MUSSERWC50

Host
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Carolina Cherry Laurel
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Sweet Cherry
Peach
Peach
Almond
Cherry
Cherry
Cherry
Cherry
Cherry
Cherry
Cherry
Cherry
Cherry
Peach
Nectarine
Nectarine
Nectarine
Flower Cherry
Peach
Peach
Flower Cherry
Peach
Sweet Cherry
Sweet Cherry
Sweet Cherry
Sour Cherry
Peach

Chile

China

Hungary
Montenegro

45

Accession number
OM362544
OM362545
OM362546
OM362547
OM362548
OM362549
OM362550
OM362551
OM362552
OM362553
OM362554
OM362555
OM362556
OM362557
MW207218.1
EF565264.1
EF565266.1
EF565247.1
EF565248.1
EF565249.1
EF565250.1
EF565251.1
DQ300178.1
FJ610343.1
HQ833191.1
HQ833192.1
HQ833193.1
HQ833194.1
HQ833195.1
HQ833196.1
HQ833197.1
HQ833198.1
HQ833199.1
HQ833200.1
KF135203.1
LC579924.1
MF145108.1
MF145109.1
MF145110.1
EU368738.1
JX569825.1

India

Iran
Italy
Poland
Uruguay
USA

PNRSV Group
Origin
Germany
Spain
USA

Type
PV96
PV32
PE5

Outgroup
USA

Blueberry Shock Virus
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Peach
Peach
Peach
Peach
Geranium
Peach
Apple
Cherry
Apple
Sweet Cherry
Apricot
Apricot
Almond
Nectarine
Sweet Cherry
Rose
Plum
Peach
Peach
Sour Cherry
Sweet Cherry
Sweet Cherry
Sour Cherry
Sour Cherry
Sour Cherry
Sweet Cherry
Sour Cherry
Sour Cherry

JX569826.1
JX569827.1
JX569828.1
KF420280.1
AJ969110.1
AM408909.2
AM419814.1
AM920668.1
AM931161.1
FR773524.2
KX098001.1
KX098002.1
KJ573395.1
KX353933.1
EU368736.1
DQ983498.1
EF565267.1
EF565268.1
EF565269.1
FJ231730.1
FJ231731.1
FJ231732.1
FJ231733.1
FJ231734.1
FJ231735.1
FJ231736.1
FJ231737.1
FJ231738.1

Host
Cherry
Apple
Peach

Accession number
S78312.1
Y07568.1
L38823.1
KF031039.1

Figure 2.1. Sites of wild Prunus sample collection in (a) South Carolina and (b) Georgia
denoting virus positive and negative samples. A call out box was added to a sampling
area in Saluda County, South Carolina to more accurately depict the distribution of
samples which overlap in the statewide map. Peach production acreage as reported by
growers is shown in gray scale for each county (USDA-NASS, 2017). Maps were
produced in ArcGIS version 2.9.1.
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Figure 2.2. Maximum likelihood phylogeny of Prunus necrotic ringspot virus (PNRSV)
coat protein gene sequences from wild Prunus spp. obtained in this study, and previously
sequenced PNRSV isolates. Nodes in red text denote sequences obtained in this study.
Nodes in blue text signify reference isolates for PNRSV subgroups ‘PE5’, ‘PV96’ and
‘PV32’. Branching pattern confidence was assessed using 1000 bootstrap replicates, and
branches with less than 70% bootstrap support were collapsed.
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Figure 2.3. Statistical tests for a relationship between wild Prunus spp. tree age and virus
infection status. Tree infection status versus tree age was analyzed (a) using Chi square
and (b) with a regression line of tree infection. No statistically significant association was
found. Statistical analysis was performed using JMP Pro 16 version 16.0.0.
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CHAPTER THREE
MOVEMENT OF PRUNUS NECROTIC RINGSPOT VIRUS BETWEEN AND
AMONG PEACH AND WILD PRUNUS SPECIES

ABSTRACT
Peach (P. persica) is an economically important crop in the southeastern U.S.
Prunus necrotic ringspot virus (PNRSV) is a pollen-borne pathogen of great importance
that affects peaches in this region. Wild Prunus spp. in close proximity of peach orchards
could serve as PNRSV reservoirs for commercial Prunus persica. To assess and better
understand virus movement between these species, at the Musser Fruit Research Center
in Clemson, SC, we tested via RT-PCR 26 peach trees for PNRSV that were previously
confirmed positive according to ELISA data provided and collected bloom time data
from P. persica and wild black cherry (P. serotina). PNRSV was detected on 17 of the 26
trees in our assay. Sequence analysis of the coat protein gene for PNRSV recovered from
P. persica samples was analyzed at a global scale and with isolates obtained from wild
Prunus in the same location. Isolates showed clustering with reference isolates of ‘PV96’
and with ‘PE5’ which also included isolates from wild Prunus in the cluster. Bloom time
data showed that there is a time difference of approximately seven days of bloom
between species, with peaches blooming ahead of the wild black cherries. These results
suggest peaches could serve as the inoculum source of PNRSV and movement in the field
could be predominantly one direction: from peach to wild black cherries.
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INTRODUCTION
Prunus necrotic ringspot virus is one of the most important viruses of peach
(Prunus persica) in the southeastern U.S. Common symptoms for PNRSV observed in
stone fruits are stunting, reduced vigor, delayed budbreak, bloom and fruit set, death of
flower buds and leaves, and line patterns on leaves (Greber et al. 1991; Oliver et al. 2009;
Pallas et al. 2012). The most notable symptoms in peach are known as shock symptoms;
these consist of stunting and general chlorosis, and/or chlorotic rings and spots on newly
developed leaves that turns necrotic until it falls out leading to the “shot hole” appearance
of the leaves (Uyemoto 1992). The shock phase typically is limited to the first 1-3 years
after planting, at which time the trees may return to a normal appearance although they
still carry the virus. However long-term decline of the trees is also often observed
(Figure 1.3), which can reduce the lifetime productivity and lifespan of the orchard.
Symptom variability among peach cultivars and among different strains of PNRSV
render in-field identification and diagnosis challenging (Uyemoto 1992; Pallas et al.
2012).
Stone fruits are of important value in the global market. Peaches are widely
grown and an economically important crop in subtropical regions (Fan et al. 2010). Peach
production in the southeastern United States is considered a cornerstone of the
agricultural market in South Carolina and Georgia. As of 2021 the U.S. produced
696,500 tons of peaches with South Carolina producing 84,000 tons and Georgia 36,000
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tons (USDA NASS, 2021). This amount to a total of 120,000 tons of peach that accounts
for 17% of the U.S. production between both states. PNRSV in instances can cause up to
100% yield loss in peach (Kapoor et al. 2018).
PNRSV is difficult to manage in orchards because a virus-infected tree remains
infected for the duration of its life. Transmission is mostly attributed to grafting and
vegetative propagation using infected source material (i.e. propagative materials derived
from infected mother trees). PNRSV can also be transmitted both horizontally (i.e. tree to
tree) and vertically (i.e. parent to progeny) through pollen. The spread of ilarviruses can
occur naturally and rapidly in the field (Mink 1992) and depends upon the level of initial
inoculum. PNRSV can start spreading from infected trees in peach orchards when they
reach an age of 4-6 years old (Uyemoto et al. 2003). Although the role of pollinators in
virus transmission is not well understood in the field, greenhouse experiments with the
thrips Frankliniella occidentalis suggests these insects could be transmitting the virus.
This transmission mechanism may occur by wounding of the flower surface during
feeding followed by cytoplasmic leakage of virus particles (Greber et al. 1991; Uyemoto
et al. 2003). Honeybees are also possible vectors of PNRSV transmission and could be
transported over extensive distances by being carried in beehives. For instance,
transmission through beehives was demonstrated when hives were moved through
various cherry orchards to assist with pollination in California, Oregon and Washington
(Mink 1983). Native pollinators may also contribute to virus movement within orchards
and potentially with surrounding vegetation that may serve as reservoirs of PNRSV.
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Understanding the role of the pollinators and the mechanisms of transmission through
pollen requires further investigation to better comprehend natural virus movement.
Wild species of Prunus have been confirmed as reservoirs of PNRSV. PNRSV
has been detected in wild sweet cherry (P. avium), wild black cherry (P. serotina), and
wild chokecherry (P. virginiana) near areas of cultivated Prunus spp. like sweet cherry,
sour cherry, peach and Japanese plum in the Niagara Peninsula (Davidson and Rundans,
1972). Another natural host for PNRSV that has been found in India is Himalayan wild
cherry (Prunus cerasoides) (Chandel et al. 2007a). Other hosts of PNRSV within the
Rosaceae include apple (Malus domestica) (Chandel et al. 2007b), rose (Rosa spp.)
(Moury et al. 2001) and hops (Humulus spp.) (Scott et al. 1998). In the southeastern U.S.,
PNRSV has been found near peach orchards in wild black cherry (P. serotina) and
Carolina cherry laurel (P. caroliniana) (Rodriguez Bonilla and Cieniewicz, in review;
Chapter II). The proximity of wild reservoirs of PNRSV to peach orchards in the
southeastern U.S. warrants further investigation into the movement of PNRSV between
wild hosts and peach orchards.
Prunus spp. tend to be self-incompatible, meaning pollination requires an external
pollen source not from individuals in the same species (Yamane and Tao, 2019). Peach is
one of the few exceptions that, due to a long history of domestication, exhibits selfcompatible pollination, meaning it can be pollinated by the same or different cultivars of
peach within an orchard (Abdallah et al. 2020). Therefore, self-compatible species like
peach present an advantage by not requiring cross pollination, unlike commercial
orchards of self-incompatible stone fruits like sweet cherry (P. avium) and sour cherry (P.
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cerasus) that depend on cross pollination from compatible cultivar that flower
simultaneously (Yamane and Tao 2019). Despite the self-compatibility of peach,
pollination is encouraged to increase fruit set (Yamane and Tao 2019). Wild black cherry
(P. serotina), a major reservoir of PNRSV in South Carolina and Georgia, is also selfincompatible thus depending on cross pollination from compatible pollen (Larcenaire et
al. 2021). Self-compatibility and self-incompatibility could play an important role in
understanding the virus transmission through pollen and understanding the movement to
determine the source of virus inoculum in orchards.
In this study we examined the genomic diversity of PNRSV from P. persica and
wild P. serotina as well as analyzed bloom data for both species to assess the direction of
virus movement between species. To do so we focused on one isolated area of peach
production, the Clemson University Musser Fruit Research Center, and characterize the
genomic diversity of PNRSV isolates found in P. persica and compared them to PNRSV
isolates found in the surrounding wild black cherry. We also monitored bloom times of
peach and wild black cherry at the Musser Fruit Research Center in order to further
understand the potential for movement between the wild hosts and crop hosts.

MATERIALS AND METHODS
Sample collection and processing
Samples from Prunus persica (peach) were selected based on PNRSV infection
status from previous virus testing through the Southeastern Budwood Program (E.
Cieniewicz, unpublished). Samples were collected in May of 2021 from 26 peach trees.
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Each sample consisted of two-year old wood, one year old wood, and leaves. Collected
tissue was bagged, labeled, transported back to the laboratory, and stored at 4°C until
processing. Tissue surface was pre-sterilized with 5% bleach solution and was chopped
into small (1 mm2) pieces; approximately 100 mg of tissue per sample was processed into
a 2-mL tube. Excess tissue was processed into larger pieces for long term storage at 80°C. A map of the study area was created using Google Earth Pro (version 7.3.4.8248)
(Figure 3.1). Prunus serotina tissue collection is described in Chapter II.

Bloom Data Collection
Bloom time data for wild black cherry and peach was collected during the spring
season in 2020, 2021, and 2022 by visual assessment three times each week starting in
mid-March and proceeding through petal fall. For wild black cherry, bloom data was
divided into different stages from first bloom to full bloom of the tree (Table 3.1). Peach
bloom times for various cultivars were provided by Dr. Juan Carlos Melgar (Table 3.2).

Total nucleic acid extraction and RT-PCR.
A modified CTAB extraction protocol was used to extract total nucleic acids from
each sample. Approximately 100 mg of tissue was flash-frozen in liquid nitrogen and
ground into fine powder using a mixer mill and a sterile BB that was added to the tube
after freezing. 900uL of preheated (65°C) CTAB buffer (100mM Tris-HCL (pH 8),
20mM EDTA, 1.4MNaCl, 2% (wt/vol) CTAB, 2% (wt/vol) PVP) with 18uL of 2mercaptoethanol (BME) was added to each sample. Tubes were incubated at 65°C for 20
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minutes and 600uL of chloroform: isoamyl alcohol (24:1) was added followed by another
incubation for 7 minutes at room temperature. Then they were centrifuged at 18,630 xG
for 7 minutes. The supernatant was transferred into a new 2.0mL tube and 500uL of
chloroform was added. Samples were centrifuged as before, and the supernatant was
removed into a new 1.5mL tube. 1/10 volume of 3M sodium acetate (pH 5.2) and 2/3
volume of cold isopropanol were added. The tubes were then centrifuged at 19,283 xG at
4°C for 15 minutes to form a pellet and the supernatant was discarded. The pellet was
then washed with 500uL of 70% ethanol, centrifuged for 30 seconds, the ethanol was
then removed, and the pellet was dried for at least 30 minutes. The pellet was rehydrated
with 100uL of nuclease-free water, RNA quality and quantity was recorded using the
Nanodrop (Thermo Fisher Scientific Inc.) and the sample was stored at -80°C.
RT-PCRs were conducted with the qScript® XLT One-Step RT-PCR kit
(Quantabio) and utilizing the cycling conditions of reverse transcription at 48°C for 20
minutes, reverse transcriptase deactivation and Taq polymerase activation at 94°C for 3
minutes, followed by 40 cycles of denaturation at 94°C for 20 seconds, annealing at 55°C
for 30 seconds, and extension at 70°C for 1 minute, with a final hold step at 10°C.
Detection of PNRSV was performed in multiplex reactions with the F-box gene as an
internal reference for Rosaceae and the primers used for this study are listed in Table 3.3
Results of the assay were analyzed on a 1.5% agarose gel, stained with GelRED
(Biotium, Inc.) and imaged.

Sanger Sequencing and Phylogenetic Analysis.
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Isolates of PNRSV in peach were amplified through RT-PCR with a 1,011 bp
primer set from Vašková et al. (2001) that included both forward and reverse primer. The
target fragment was the section of ORF 3b that encodes for the virus coat protein (CP)
and the product was sequenced directly bidirectionally by Eurofins Genomics LLC.
Sequences were assembled and manually edited as appropriate in SeqMan Pro
(DNASTAR Inc.). The consensus was saved as a .fas file format and later aligned using
MUSCLE (Edgard 2004) in Mega X (version 10.2.4). A maximum likelihood phylogeny
was constructed with a 1,000 bootstrap replicates whit branches collapsed at 70%
bootstrap support. Recombination among isolates was assessed using RDP5 (Martin et al.
2020).

RESULTS
Detection and genomic diversity of PNRSV in Prunus persica and Prunus serotina
A total of 26 peach (P. persica) samples were collected as confirmed positives for
PNRSV on a previous virus screening with ELISA testing. Follow-up testing of trees for
PNRSV with RT-PCR confirmed 17 of the 26 samples as PNRSV positive. The 17
sequences obtained in this study were included in two phylogenetic analyses. The
phylogenetic analysis included 6 PNRSV isolates from wild black cherry surrounding the
Musser Farm (Genbank Accession Numbers OM362544-OM362557; Chapter II;
Rodriguez Bonilla and Cieniewicz, in review) to have a more narrowed look in the
context of the isolates at the Musser Farm (Figure 3.2). PNRSV group type indicators for
previously characterized isolates ‘PV96’ (Genbank Accession Number S78312.1),
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‘PV32’ (Genbank Accession Number Y07568.1) and ‘PE5’ (Genbank Accession Number
L38823.1) were included in both analyses as well as a virus from the same Ilarvirus
subgroup as PNRSV, blueberry shock virus (Genbank Accession Number KF031039.1)
that was used as an outgroup.

Peach and wild black cherry bloom times
Bloom times were visually documented for wild black cherry trees in tree lines
that surround the Musser Fruit Research Center in 2020, 2021 and 2022 (Table 3.1).
Flowering time of P. serotina was consistent between the two seasons. Peach bloom
times provided to us were also visually documented for different peach cultivars. The
bloom times recorded in 2020 show a wider range of flowering compared to 2021. Bloom
time for both wild black cherry trees and peach were staggered with peach bloom
occurring prior to wild black cherry bloom. Bloom dates in 2021 and 2022 showed a
consistent gap of approximately one week between species, but in 2022 an overlap of at
least one day was observed between the species (Figure 3.3).

DISCUSSION
Prunus necrotic ringspot virus is endemic in the southeastern U.S. where peach is
one of the most important fruit crops (Scott et al. 1989). It can cause yield loss of up to
100% in peach cultivars if left unchecked (Uyemoto and Scott 1992). Its pollen-borne
nature plays an important role in transmission, but the spread of this virus through pollen
and the role of pollinators in the field setting is not well understood. In order to better
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understand the interaction and spread of PNRSV between Prunus spp. we analyzed
bloom data from P. persica and wild P. serotina as well as conducted phylogenetic
analyses of PNRSV isolates obtained from P. persica with isolates of wild Prunus
studied in Chapter II and from around the world to try and determine virus movement
between species.
PNRSV CP sequences from this study were compared with previous PNRSV
isolates of wild Prunus presented in Chapter II collected from the Musser Fruit Research
Center using indicator sequences to identify the ilarvirus subgroup. The phylogenetic
study showed that in samples from Musser Fruit Research Center no samples grouped
with the clade ‘PV32’ (Sanchez-Navarro and Pallas 1997) but the majority of (11 of 17)
of PNRSV isolates from peach grouped in the clade of ‘PV 96’ (Guo et al. 1995) and the
other 6 grouped with all the samples from P. serotina in the clade represented by ‘PE5’
(Hammond and Crosslin 1995). ‘PE5’ is a sequence that was isolated from peach in
Clemson, South Carolina in 1994, suggesting that PNRSV isolates in the southeastern
United States are still genetically closer to ‘PE5’ but there is variability of PNRSV within
the samples that grouped with ‘PV96’ another clade that contains isolates from the U.S.
Although these data suggest that PNRSV isolates can move between peach and wild
black cherry, additional data are needed to form hypotheses on the direction of virus
inoculum movement.
Bloom data show that there is a temporal gap in bloom between peach and wild
black cherry of at least several days at the end of peach bloom and before wild black
cherry bloom (nine days in 2020 and seven days in 2021). Each of these years, peach has
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an earlier bloom time than wild black cherry. However, in 2022 we observed a change in
the trend with an overlap in bloom of one day between species with peach still blooming
earlier but having a later bloom date that overlapped with the beginning of bloom for
wild black cherry. Results from the peach samples showed diversity of isolates in the
clades of ‘PE5’ and ‘PV96’ and the bloom times point towards being consistently earlier
in the season. On the other hand, wild Prunus isolates only showed grouping with ‘PE5’,
and their blooms times are lagging approximately a week behind peach bloom. The
results of both the phylogenetic analyses and the bloom data may suggest that the
movement of PNRSV through pollen in the field could be occurring predominantly in
one direction, from infected peach blocks toward wild reservoirs. Although the bloom
periods may not overlap consistently throughout the years, we observed a window where
there is potential for virus transmission between species pollinators could be carrying
infected pollen with them to bridge this temporal gap.
There are several potential drawbacks to this study. Data collection of bloom
times was completed visually for both species. Peach data was provided but only full
bloom dates were available, and it was not available for all peach cultivars at the Musser
Fruit Research Center, Clemson, South Carolina. Therefore, there were some gaps in the
data that could have included more dates for peach. In 2020, the P. serotina bloom data
were not collected as frequently as originally intended due to inaccessibility as a result of
the COVID-19 pandemic. In contrast, bloom data for P. serotina was collected every
other day in 2021, thus resulting in a more complete data set that includes bloom times of
individual florescence on the tree, as well as overall bloom of the trees.

67

Peach trees require proper accumulation of chill to avoid flower damage due to frosts
in late winter and early spring by preventing bud burst during this time, therefore playing
an important role in determining bloom date (Fan et al. 2010; Demirel et al. 2022).
Climate change is predicted to cause long-term changes in weather patterns like mean
temperatures (Raza et al. 2019). Stable changes in temperature can affect bloom windows
by causing changes in the chill accumulation. With temperatures fluctuating, at higher
temperatures bloom could be induced earlier and spring frost occurrence could vary
leading to good fruit ripening, but milder winters could induce bloom and frost damage
could also impede blooming (Vanalli et al. 2021). Changes like this can also affect the
dynamics of virus transmission through pollen. Although our results show a consistent
difference of at least a week in bloom time between P. persica and P. serotina, this trend
may not hold true in future years. If climate change causes bloom times to converge and
overlap consistently, the rate of virus transmission between P. serotina and P. persica
may also change. If a change like this were to occur, new management strategies might
be needed to take into consideration when looking at wild P. serotina as a potential wild
reservoir of PNRSV.
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Table 3.1 Wild Prunus serotina bloom times for 2020, 2021 and 2022.
Sample
ID

First
Bloom

1
7
8
11
14
1
2
7
8
9
10
11
13
14
15
46
48
49
50
1
2
7
8
9
10
11
13
14
15
46
48
49
50

3/27/20
3/27/20
3/27/20
3/27/20
3/27/20
4/1/21
3/31/21
4/3/21
4/3/21
4/6/21
4/3/21
4/3/21
4/5/21
4/5/21
4/6/21
3/30/21
3/30/21
3/31/21
4/2/21
3/27/22
3/29/22
3/30/22
3/31/22
4/1/22
3/30/22
3/29/22
3/29/22
3/30/22
4/3/22
3/27/22
3/28/22
3/30/22
4/3/22

50%
Bloom
Shoots

100%
Bloom
Shoots

50%
Bloom
Tree

4/6/21
4/2/21
4/5/21
4/5/21
4/7/21
4/5/21
4/6/21
4/6/21
4/6/21
4/7/21
4/2/21
4/2/21
4/2/21
4/7/21
3/29/22
3/30/22
4/1/22
4/3/22
4/3/22
3/31/22
3/31/22
3/31/22
4/1/22
4/5/22
3/29/22
3/30/22
4/1/22
4/6/22

4/7/21
4/6/21
4/7/21
4/7/21
4/8/21
4/6/21
4/7/21
4/7/21
4/7/21
4/10/21
4/3/21
4/3/21
4/5/21
4/10/21
4/1/22
4/1/22
4/3/22
4/6/22
4/5/22
4/2/22
4/2/22
4/3/22
4/3/22
4/9/22
3/30/22
4/1/22
4/4/22
4/9/22

4/6/21
4/6/21
4/7/21
4/7/21
4/8/21
4/5/21
4/6/21
4/7/21
4/7/21
4/10/21
4/5/21
4/5/21
4/5/21
4/13/21
3/30/22
3/30/22
4/2/22
4/11/22
4/5/22
4/2/22
4/1/22
4/4/22
4/2/22
4/7/22
3/31/22
3/31/22
4/2/22
4/8/22
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100%
Bloom
Tree
4/1/20
4/5/20
4/5/20
4/1/20
4/5/20
4/10/21
4/7/21
4/11/21
4/11/21
4/15/21
4/12/21
4/10/21
4/12/21
4/12/21
4/17/21
4/6/21
4/6/21
4/13/21
4/15/21
4/3/22
4/4/22
4/5/22
4/21/22
4/9/22
4/4/22
4/3/22
4/6/22
4/7/22
4/16/22
4/2/22
4/3/22
4/5/22
4/19/22

PNRSV
Status
Infected
Infected
Infected
Infected
Infected
Infected
Healthy
Healthy
Infected
Healthy
Healthy
Healthy
Healthy
Infected
Healthy
Healthy
Healthy
Infected
Infected
Infected
Healthy
Healthy
Infected
Healthy
Healthy
Healthy
Healthy
Infected
Healthy
Healthy
Healthy
Infected
Infected

Table 3.2 Prunus persica bloom times for 2020, 2021 and 2022.
Year/Dates
2020

2021

2022

2/19/20

3/12/21

3/2/22

2/27/20

3/13/21

3/28/22

3/1/20

3/14/21

3/2/20

3/15/21

3/3/20

3/16/21

3/4/20

3/17/21

3/5/20

3/20/21

3/6/20

3/22/21

3/7/20

3/23/21

3/8/20
3/9/20
3/10/20
3/11/20
3/12/20
3/13/20
3/14/20
3/15/20
3/16/20
3/17/20
3/18/20
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Table 3.3 Reverse transcription polymerase chain reaction primers for Prunus necrotic
ringspot virus and Rosaceae internal reference used in this study.
Primer name
PNRSV2 F
PNRSV2 R
C13Pp FBOX-F
C13Pp FBOX-R

Sense/
Antisense
s
as
s
as

Primer sequence (5’-3’)
ATATTGGCAGGTACAGAAGG
TTCGGAGAAATTCGAGTGTGC
TCCCTTGATCCATTCTTTGCTTCTTCTCC
CCAAATCCACGCATCCCTCAAACTCAC
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Amplicon
Size (bp)

Reference

1011

Vašková et al.
2001

101

Chen et al. 2019

Table 3.4 Prunus necrotic ringspot virus sequences used in this study.
Origin
South Carolina

Georgia
South Carolina

PNRSV Group
Origin
Germany
Spain
USA

Sample ID
VF TATAO 5
P4D 8-32
P4D 11-26
P4D 11-28
P28E R14T2
P27D R1T10
P4D 17-16
P29D R2T39
P29D R3T19
P29A R3T11
P29D R2T11
P28B R2T10
P28E R14T1
P30H R1T6
P4D 10-27
P29D R2T12
P29D R2T40
WCGA1
WCGA2
WCA1
WCA3
003WCMC
28CLSH
WCT9
WCT15
MUSSERWC1
MUSSERWC8
MUSSERWC14
MUSSERWC20
MUSSERWC49
MUSSERWC50

Host
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Peach
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Carolina Cherry Laurel
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry
Wild Black Cherry

Accession number
OM677848
OM677849
OM677850
OM677851
OM677852
OM677853
OM677854
OM677855
OM677856
OM677857
OM677858
OM677859
OM677860
OM677861
OM677862
OM677863
OM677864
OM362544
OM362545
OM362546
OM362547
OM362548
OM362549
OM362550
OM362551
OM362552
OM362553
OM362554
OM362555
OM362556
OM362557

Type
PV96
PV32
PE5

Host
Cherry
Apple
Peach

Accession number
S78312.1
Y07568.1
L38823.1
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Figure 3.1 Sites of Prunus serotina and P. persica sample collection at the Clemson
University Musser Fruit Research Center. Virus infection status is denoted for Prunus
serotina samples. Yellow stars indicate peach trees confirmed positive for Prunus
necrotic ringspot virus in 2021.
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Figure 3.2 Maximum likelihood phylogeny of Prunus necrotic ringspot virus (PNRSV)
coat protein gene sequences from P. persica obtained in this study with previously
sequenced wild Prunus spp. PNRSV isolates. Blue nodes denote sequences obtained
from peach in this study and orange nodes were obtained from wild black cherry. Pink
nodes denote reference isolates for identifying PNRSV subgroups ‘PE5’, ‘PV96’ and
‘PV32’. Branching confidence was assessed using 1,000 bootstrap replicates. Branches
with less than 70% bootstrap support were collapsed.
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Figure 3.3. Time frames of P. persica and P. serotina bloom at the Musser Fruit
Research Center in Clemson, South Carolina. Bloom dates were distributed by the
months of February, March and April over the span of three years. Specific dates for first
bloom and full bloom were included with their respective species and year to clearly
represent de distribution of the bloom times.
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